The acid-catalysed hydrolysis of d/7m.-butylsuccinate in dioxane-water mixtures proceeds via consecutive first-order reactions. The rate constants k x and k\\ corresponding to the two steps decrease with increasing dioxane content of the medium. After reaching a minimum at 90% (w/w) dioxane, both rate constants increase again with further addition of dioxane. The kinetic ratio k\/k\\ is smaller than the statistical value 2.0, and is markedly affected both by solvent composition and temperature. The maximum concentration of the intermediate half ester decreases with increasing dioxane content. The observed activation energies E x and £ n of the two steps of the reaction are largely dependent on temperature as well as solvent composition indicating a mixed type of bond fission represented by the AA1 1 and AAC2 mechanisms, whose relative contributions in the overall rate constants k x and could be calculated on the basis of the number of water molecules incorporated in the corresponding transition states. The effect of bulk dielectric constant on the reaction rate was investigated in the light of the available electrostatic theories and showed the reaction to be an ion-molecular dipole type of interaction. The activation thermodynamic parameters were computed and discussed as criteria of solvent effect and mechanism.
Introduction
The problem of solvent effects on the hydrolysis of dicarboxylic esters involving a consecutive reaction has not yet been clarified completely [1] [2] [3] [4] [5] . The study is even more complicated by the presence of tertiary groups in the ester molecule as they lead to the involvement of two concurrent mechanisms. The extent of work published on this problem is small compared to the extensive study done on simple monocarboxylic ester hydrolysis [6] . In order to gain more information concerning the role of solvent in this type of hydrolysis, the system di/c/V.-butylsuccinate in acidified dioxane-water mixtures was chosen for study. From O 18 isotopic tracer studies it is well known, in general, that acid hydrolysis of esters takes place via alkyl-oxygen bond fission AAJ 1 when the alkyl radicals have relevant carbonium ion stabilities [7] [8] [9] [10] . However, the solvent plays an important role in the actual mechanism followed in these cases [11] [12] [13] . Thus, although /tr/.-butyl esters are almost completely hydrolysed via A^ 1 mechanism in pure water, the acyl-oxygen bond fission. A AC 2. predominates in slightly aqueous Reprint requests to Dr. A. N. Asaad. Department of Chemistry. Faculty of Science, Alexandria University, Alexandria/Egypt. media [12] [13] [14] , Since, under all conditions, the observed overall rate constant of the reaction results from two components representing the two mechanistic routes, and this applies to the two tertiary groups of the ester under investigation, one will have four rate constants involved in the reaction. It is of interest, therefore, to analyse the data obtained experimentally into four individual rate constants and to investigate the effects of solvent and temperature on them as well as on the type of bond fission, and to present a thermodynamic approach to the reaction under different conditions.
Experimental
Dite/7.-butylsuccinate was prepared by reacting succinyl chloride and /e/Y.-butyl alcohol in presence of diethylaniline [15] , m.p. 31.5 °C, b.p. 107 at 7 mm pressure. IR (film): 300, 1750 (C = 0), 1380 and 1160cm-'; 'H-NMR (CDC1 3 ): <5= 1.3 (s, 18H, CH 3 ), 2.3 (s, 4H, CH 2 ). Symmetrical 1.4 dioxane was purified as described before [16] . Dioxane-water mixtures were prepared on a weight basis and consisted of 30.39, 40.16. 50.37, 69.46, 79.12, 89.56 and 94.45% (w/w) dioxane. The kinetic procedure followed involved a 0340-4811 / 85 / 0100-0084 $ 01.30/0. -Please order a reprint rather than making your own copy. volumetric analysis of samples for the acid produced during the course of the reaction using a screened indicator [17] ,
Results and Calculation
The specific first-order rate constants k x and k u of the two consecutive steps of the reaction were calculated using the time ratio method adopted by Swain [18, 19] . These values, together with the kinetic ratio, k { /k u , in the temperature range between 20 and 90 °C and in all solvent compositions, are compiled in Table 1 .
The calculated thermodynamic parameters of activation [20] , AH*, AG* and AS* are collected in Table 4 .
Discussion
An increase of the dioxane content of the medium was found to decrease the specific rate constants k x and kn of the individual consecutive steps of the reaction to a minimum ( Fig. 1) at about 90% dioxane (w/w), reminiscent of the maximum in acidity function of the mixed solvent in this range [21, 22] , The values of the respective rate constants are smaller than those for diethylsuccinate [23] , under the same conditions, which can be attributed to the electron repelling and/or steric effects, produced by tert.-butyl groups, mainly responsible for the hindrance of the nucleophilic attack of water molecules, since tertiary esters exist only in a cisoid conformation rather than a transoid one [24] , The kinetic ratio of the observed rate constants (k x /k\\) is markedly smaller than 2.0, which is the value expected statistically for symmetric dicarboxylic esters [17, 23, 25] and decreases regularly with increasing dioxane content. It also suffers a slight increase with temperature (cf. Table 1 ). The decrease of the kinetic ratio below 2.0 can be rationalised as due to the relatively large steric effect of the bulky tert.-butyl groups, in the first and second hydrolysis steps, whereas the dependence on dioxane content is mainly attributed to the different contributions of the acyl oxygen bond fission, A AC 2, relative to that of the alkyl-oxygen A^ 1, at different solvent compositions. The logarithm of the kinetic ratio can be taken as indication of the selectivity between the first and second steps of the reaction. A plot of these selectivity values against the reactivity, represented by log k u , at different dielectric constants gave straight lines with positive slopes, known as anti-reactivity selectivity principle [26, 27] ranging from 0.105 at 20 °C to 0.058 at 90 °C. The correlation coefficients of these linear relationships are almost unity, at all temperatures, indicating uniformity of mechanism followed by the two steps of the reaction in the whole range of solvent composition.
The changes in concentration of the reactant dite/v.-butylsuccinate, the intermediate tert. hydrogensuccinate and the product succinic acid with time were calculated during the course of the reaction in 30.39% (w/w) dioxane-water mixture at 20 °C, and the result represented graphically in Figure 2 . It is seen that the maximum concentration of the halfester was reached at r max = 36.27 x 10 3 min, while for diethylsuccinate this parameter is 5.88 x 10 3 min under the same conditions [23] . Figure 2 also shows the variation of maximum halfester concentration as well as the / max values at different solvent compositions. The curve for t max in dioxanewater mixtures has the same features as the variation of k x and k n with solvent composition and shows the same minimum at almost 90% (w/w) dioxane. On the other hand, the maximum concentration of the halfester shows an interesting trend in which it decreases with increasing dioxane content of the medium and reaches a minimum also at 90% (w/w) dioxane. This behaviour is referred mainly to the variation of the k x /k\\ ratio values with solvent composition [22] , which cannot exist unless there is an additional factor affecting the rate of the second step as compared to the first one, causing the rate of consumption of the halfester to be larger than its rate of accumulation and that the rate of the second step becomes easier with increase in dioxane content. This argument is evidenced by the fact that for primary dicarboxylic esters like diethylsuccinate [23] and malonate [17] the maximum concentration of the halfester is completely independent of solvent composition.
The Arrhenius plots show a slight deviation near 50 °C, which cannot be attributed solely to solvent effects or other external factors [19] but must mainly be due to the mixed A M \ and A Ac 2 mechanisms. Statistical treatment, by the least-squares method [19, 28] , of the Arrhenius equation in the two temperatures ranges on both sides of 50 °C, namely, 20-50 and 60-90 °C, at different solvent compositions, gave better correlation coefficient values than when these temperatures were examined as one range (Table 3) . The resulting E, and E n values of the two overall steps of the reaction varied from 88.5 to 77.6 kJ mol mechanism the values are 50-80 kJ mol -1 [8, 12] and are independent of temperature and solvent composition [23] , In the light of these data one can conclude that the contribution of A Ac 2 mechanism increases with dioxane content and decreases with temperature. The reverse is, of course, true for the AA] 1 mechanism. Now, it is instructive at this stage to analyse the observed kinetic data in order to calculate the contribution of these two mechanisms. The method adopted depends on the number of water molecules incorporated in the transition states of the two steps. Generally, the observed overall specific rate constant is a linear combination of the specific rate constants characteristic for different components of the reaction
i or in our case, where only uni-and bimolecular reactions are present,
where A' n and k n are the rate constants corresponding to the unimolecular and bimolecular mechanisms of the First step, respectively. Assuming that the rate of the A M 1 and A AC 2 mechanisms are proportional to the «th and mth power of water concentration, respectively, (n > m) one has
where k' u and k\ 2 are the specific reaction rate constants for the unimolecular and bimolecular mechanisms, respectively, hence Table 2) . The values m = 1 and n = 4 imply the incorporation of one and four water molecules in the transition states of bimolecular AAC2 and unimolecular A a) 1 mechanisms, respectively. The former is in accordance with that normally reported for mono-and dicarboxylic esters hydrolysing via AAC2 mechanism [17, 23, 29] , whereas the incorporation of four water molecules in the unimolecular reaction, AA1 1, is greater than that reported earlier for monocarboxylic esters by one water molecule [9] . This may be due to the expansion of the cyclic transition state [30, 31] by an extra water molecule due to the presence of the two carbonyl groups of the diester. This view is supported by calculation of the radius of the activated complex [31] which was found to be 4.9 and 4.8 A for the first and second steps, respectively, compared to 4.5 and 4.4 A for diethylsuccinate [23] and 4.0 A for /e/Y.-butylacetate [9] in which only 3 water molecules are involved in the solvation sheath of the transition complex.
Examination of the data in Table 2 shows that the sum of the individual rate constants (A:N + k n ) and Fig. 3 . Dependence of the overall rate constants of the two steps of the reaction on the dielectric constant of the medium.
(^111+^112) calculated from (4) agrees quite satisfactorily with the observed overall specific rate constants k\ and Arn only in media containing less than 80% dioxane. The deviation observed at higher dioxane constants is probably due to the maximum in acidity function in this range [21. 22] , i.e.. a nonkinetic factor. The contribution of the A M 1 mechanism is higher for the first step than for the second one, which is quite understandable, as the steric effect in the former case is larger than that in the latter.
It is noteworthy that the least squares treatment of the linear Arrhenius equation [28] for the four calculated rate constants gave a correlation coefficient equal to unity and the respective values for the activation energies of the two mechanisms for each step of the reaction were found equal to those normally characteristic for them [8] (Table 3 ).
The dependence of the specific rate constants of both steps on the solvent composition of the reaction mixture can be better visualised by application of the well known electrostatic theories [1, 32, 33] based on the effect of bulk dielectric constant of the medium. The latter values were taken or interpolated from the data available [34] for different dioxane-water mixtures. Figure 3 represents the linear plot of log k\ and log k u against 1 ID, which is indicative of an ion-molecular dipole [31, 35] interaction rather than a molecular dipole-molecular dipole one [36] . However, the deviations of the plots of Fig. 3 from linearity, at low dielectric constants, are to be attributed to preferential solvation effects [37, 38] , Table 4 contains the values of the free energies AG*, enthalpies AH* and entropies zJS* of activation for the overall, unimolecular and bimolecular reactions at 20 °C. It is noticed that AG* increases regularly with increasing dioxane content of the medium for the uni-and bimolecular reactions of both steps. The AN* values for the overall reaction decrease with increasing dioxane content due to the change in mechanism. This is evidenced by the fact that the AH* for the separated uni-and bimolecular reactions are more or less constant and lie within regions characteristic for these types of mechanism.
The overall entropy of activation decreases regularly from -7.16 to -63.38 and from -12.2 to -68.48 J mole -1 deg -1 for the first and second steps, respectively, as the dioxane content increases. This is a direct consequence of the decrease in the contribution of the A^ 1 mechanism. These conclusions can be clearly noticed from and ^Sm values, which are more positive in the former than in the latter steps, as the contribution of the A A! 1 mechanism runs parallel to this change. The values of AS* for A^ 1 mechanism are usually positive or slightly negative compared to those of A Ac 2 mechanism [8] ,
